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Cation-anion relationships in crop nutrition
IV. Maximum contents of cations and anions in Italian rye-grass
BY R. K. CUNNINGHAM AND A. KARIM*
Rothamsted Experimental Station, Harpenden, Herts.
(Received 9 June 1964)
Van Italie (1938) first showed that the sum'of the
cations, expressed in m-equiv./lOO g. dry matter
(L cations) in perennial rye-grass was constant
even when the concentrations of the individual
cations differed greatly. Many later workers
(Bear & Prince, 1945; Wallace, Toth & Bear, 1948;
Woodbridge, 1955) confirmed this and some sug-
gested that this may explain how increasing one
cation in a plant decreased the level of one or all
the other cations. Bear (1950) found that the ratio
of sum of the cations:sum of the anions (R) in
leaves was constant and Dijkshoorn (1957a) sug-
gested that this may account for ion interactions
such as ' antagonisms' and ' synergisms'. However,
Cunningham (1964a, b, c) showed that the rela-
tionship between S cations and 2 anions is more
complicated than previously supposed and he
found that neither 2 cations nor R was constant
but depended on level and form of N; he suggested
that ion interactions arose because plants have a
mechanism which regulates the proportion of S
cations and 2 anions taken up and which may be
linked with N metabolism.
Dijkshoorn (19576) proposed another mechanism
which could cause 'antagonism' between ions. He
found that the maximum value for 2 cations in
perennial rye-grass was 200 m-equiv./lOO g. dry
matter and that R = 0-5 was constant, the maxi-
mum value for 2 anions therefore being 400 m-
equiv,/100 g. He concluded that antagonistic
effects would be more pronounced when grass was
'saturated' with cations and anions; increasing
the uptake of one ion would depress more than
usual the uptake of another ion of similar charge.
Tho work reported here was done to see whether
Italian rye-grass had maximum values for 2 cations
and 2 anions and to obtain more information
about the relationships between 2 cations, R and
%N in Italian rye-grass.
MATERIALS AND METHODS
Three methods were used to try to 'saturate'
grass with cations and anions. In the first, grass
* Permanent address: East Pakistan Agricultural
University, Mymensingh.
was grown in the greenhouse in winter when, with
little light, dry matter produced was limited but
the grass contained very large concentrations of
cations and anions. The second method, tried in
one experiment in winter and in two experiments
in summer, was to add much fertilizer without
killing the grass; this was done by giving a nutrient
solution in small frequent increments throughout
the experiment rather than in one initial dressing.
Finally, an attempt was made to find a method of
applying the nutrients that would increase ion up-
take by the grass. The nutrients were applied either
to the base or surface of the soil or throughout the
soil by means of tubes. The tube and surface
methods of applying nutrients gave similar results,
but ion uptake was less when nutrients were applied
to the base of the pots; only results obtained by the
tube method are given here.
Winter experiment. S.22 Italian rye-grass was
sown in the greenhouse in December 1961. Each
pot contained 1-5 kg. air-dried clay loam soil from
Great Field IV at Rothamsted mixed with 500 g.
quartz. After clipping 1 in. above the soil surface
in early January 1962, the first increment of a
nutrient mixture was applied and the grass was
then grown for 8 weeks during January-March.
Six rates of a nutrient solution, which contained
P, K, Ca, Mg and NO3-N but no NH4-N, were
applied twice weekly in sixteen increments during
the 8 weeks of the experiment. One-third of each
increment of the nutrient solution was added to the
soil in the pots through each of three tubes sunk
1£ in., 2 | in. and 4J in. below the surface of the
soil, the soil being 5£ in. deep. A seventh treatment
was not given any nutrient solution; each treat-
ment was replicated three times. At the end of the
experiment each pot having the lowest rate of the
nutrient mixture (rate 1) had received 76-8 mg.
N03-N, 21-8 mg. P, 115-2 mg. K, 45-0 mg. Ca,
21-0mg. Mg, 4-6 mg. Na, 11-2 mg. S and 8-8 mg.
Cl. The six rates of the nutrient mixture were
multiples (1, 2, 4, 6, 8, 10) of the smallest and were
made by mixing stock solutions A and B and then
diluting and choosing appropriate aliquots. The
two stock solutions were stored separately to
prevent magnesium phosphate being precipitated.
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Stock solution A had 5-97 g. KH2PO4, 14-19 g.
KN03, 1-07 g. NaN03, 14-75 g. Ca(NO3)2,4H2O and
0-86 g. CaCl2 per 1. and stock solution B was made
by dissolving 8-42 g. Mg(NO3)2,6H2O and 5-37 g.
MgSO4,7H2O in 11. After 8 weeks the grass was
cut one inch above the soil surface, dried at 85°,
weighed and analysed for Na, K, Ca, Mg, N, P, Cl
and S as previously described (Cunningham, 1964 a).
Summer experiments. In the first experiment
done in summer, S.22 Italian rye-grass was grown
for 8 weeks during May-July 1962 with the same
nutrient mixture given in sixteen increments during
the first 6 weeks of the experiment. Nutrients were
applied through tubes as in the winter experiment
but in this one eight larger rates of the nutrient
mixture were given. The new rates were multiples
(5, 10, 12, 15, 18, 21, 25 and 30) of rate 1 in the
winter experiment. A ninth treatment was not
given any nutrient solution; each treatment had
three replicates.
The second summer experiment was concurrent
with the first. Duration, method and times of
applying the nutrients, replication and cultural
details were the same except that ten rates of a
different nutrient solution were given; an eleventh
treatment did not receive any nutrient solution. The
nutrient solution, containing N equivalent to that
in the previous solution but approximately 60% as
NO3-N and the rest as NH4-N, was given at rates
which were multiples (2, 4, 6, 8, 10, 12, 15, 20, 25
and 30) of the first nutrient rate of the winter
experiment; it also had the same amount of P, Cl
and S, and, although K, Ca and Mg were less than
half as much as in the previous nutrient solution,
there were still enough of these elements to give
good growth. At the end of the experiment each
pot at rate 2 had received 153-2 mg. N (93-4 mg.
NO3-N + 59'8 mg. NH4-N), 43-6 mg. P, 92-8 mg. K,
36-2 mg. Ca, 16-4 mg. Mg, 3-8 mg. Na, 17-6 mg. Cl
and 22-4 mg. S. These nutrients were applied by
mixing two stock nutrient solutions and then dilut-
ing and taking appropriate aliquots of the mixture.
Stock solution C contained 19-86 g. KH2PO4,
10-01 g. KNO3, 1-42 g. NaNOs, 16-02 g. Ca(NO3)2>
4H2O, 2-84 g. CaCl2 and 35-59 g. NH4NO3 dis-
solved in 11. and stock solution D had 17-93 g.
MgSO4,7H2O per 1.
Presentation of results
Element concentrations in the grass were ex-
pressed in milli-equivalents (m-equiv.) per 100 g.
oven-dry material. The expressions 'sum of the
cations' (Na+K + Ca + Mg in m-equiv./lOO g.) and
'sum of the anions' (N + P + Cl + S in m-equiv./
100 g.) and the ratio 'sum of the cations:sum of
the anions' were abbreviated to S cations, 2
anions and R, respectively. Throughout the work
N was considered to enter the plant as an anion.
RESULTS
Yields. Fig. l(o) gives the yields of Italian rye-
grass obtained in winter 1961 and summer 1962.
In winter the grass grew better when more nutrient
mixture was given but above rate 8 yields did not
increase much with increasing levels of added
nutrients; at rate 10 the yield, 11 g. dry matter,
was very close to the maximum in this experiment.
In both summer experiments, yields of grass also
increased with increasing amounts of added nu-
trients but more steeply than in the winter; at rate
10 of added nutrients the yield of grass in summer
was double that in winter at the same level. The
yields in both summer experiments continued to
increase above rate 10 and at rate 30 were almost
50 g. dry matter and were still increasing. The
nutrient solution containing N03-N gave larger
yields than that containing some NH4-N particu-
larly above rate 16 of added nutrients.
The effect of rate of nutrient solution on sum of the
anions in Italian rye-grass
The sums of the anions in Italian rye-grass in all
three pot experiments increased when more
nutrients were given; most of the increase was N;
Fig. 1(6) shows the effect of added nutrients on S
anions. The greatest value of 2 anions was 387 m-
equiv./lOO g. at rate 10 in winter but in summer at
rate 30 it was 284 m-equiv./lOO g. for grass given
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Fig. 1. (a) Yields of Italian rye-grass tops grown in pots
in summer and in winter at several rates of two nutrient
solutions, x — x , Winter 1962, nutrient solution with
NO3-N. • — • , Summer 1962, nutrient solution with
NO3-N. A—A, Summer 1962, nutrient solution with
NO3-N + NH4-N. (6) Relationships between sums of the
anions in Italian rye-grass grown as shown in (a) and
rate of added nutrients.
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NO3-N alone and 255 m-equiv./lOO g. for grass with
NH4-N + NO3-N. The relationships between 2
anions and added nutrients in the summer experi-
ments were similar irrespective of the form of N
given, probably because, in calculating 2 anions for
the grass given some NH4-N, all N was assumed to
be taken up as an anion, whereas some of the N
must have been absorbed as a cation before the
NH4-N was nitrified.
Relationships between sum, of the cations and nitrogen
concentration in Italian rye-grass
Fig. 2 (a) shows the relationships between 2 cat-
ions and % N , in an attempt to see whether rye-
grass had values for 2 cations at which the grass
was 'saturated ' and unable to take up more. I t
also compares these relationships with others found
by Cunningham (1964a) for Italian rye-grass grown
with different forms of N in the field a t centres
throughout Britain.
In the experiment done in winter with a nutrient
mixture containing N as an anion, 2 cations was
positively correlated with % N and at 4-62%N the
value of 2 cations was 259 m-equiv./lOO g. dry
matter ; the shape of the curve suggested that 2
cations would increase still more with increase in
% N . Fig. 2 (a) also shows that , when the same
nutrient mixture was given to the grass in summer,
there was a relationship between 2 cations and % N
similar to that obtained in winter except that , for
the same levels of applied nutrients, % N was much
smaller in the grass grown in summer and, a t the
same % N , 2 cations was less in summer. The
greatest value for 2 cations in this experiment was
193 m-equiv./100 g. dry matter at 3-33% N but
there was no evidence that it was nearing a maxi-
mum constant value. However, when the grass
grown in summer was given a nutrient solution con-
taining about 40% of its N as ammonium ion, the
relationship between 2 cations and % N was more
complicated. As N in the grass increased from
1-19% to approximately 2-00 %, 2 cations first de-
creased and then became greater as the N in the
grass increased above 2%. This may result from
adding the NH4-N in small, frequent increments so
that the grass absorbed most of the cationic N
before it was nitrified; antagonism between NH4-N
and Na, K, Ca and Mg could account for the pro-
nounced decrease in 2 cations. As the size of the
added increments of NH4-N became larger some
of the NH4-N would be nitrified and taken up by
the grass as anionic N, thus accounting for greater
values of 2 cations when N increased above 2%.
Within the range 1-77-3-00% N the grass in this
experiment, at equal % N , had smaller 2 cations
values than those of grass grown either in winter or
summer with NO3-N.
15
Fig. 2 (a) also has curves of the relationships
between 2 cations and % N for rye-grass grown in
the field; these curves show that 2 cations depended
on the level and form of N taken up by the grass.
When only NO3-N was supplied, the 2 cations values
increased as more N was given, whereas 2 cations
tended to a maximum constant value when the
grass was grown with NH4-N; the apparent maxi-
mum value of 2 cations for grass grown in the field
decreased as the amount of added NH4-N increased,
160 m-equiv./lOO g. with little NH4-N and 135 m-
equiv./lOO g. with much NH4-N. With similar forms
of N and at equal % N values, 2 cations in grass
grown outside was usually less than that for grass
grown inside.
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Fig. 2. (a) Relationships between sums of the cations
and % N in Italian rye-grass grown in the greenhouse
(winter and summer) and in the field (summer). x — x ,
Winter 1962, greenhouse, NOS-N; • « , field, N03-N.
• — • , Summer 1962, greenhouse, N03-N; A A,
field, little NH4-N. A—A. Summer 1962, greenhouse,
NO3-N + NH4-N; x x , field, much NH4-N. (6) Re-
lationships between ratio of sum of the cations : sum
of the anions (R) and % N in Italian rye-grass grown as
in (a).
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Belationships between ratio of sum of the cations: sum
of the anions and nitrogen concentration in Italian
rye-grass
Fig. 2(6) confirms previous results (Cunningham,
19646), by showing that in all three greenhouse
experiments R was negatively correlated with %N.
It also shows that, at equal %N, R values were
greater in winter than in summer and were smaller
where some NH4-N was given. Also in Fig. 2(6) the
three R-%N relationship curves for grass grown in
the greenhouse are compared with those for grass
grown with different forms of N in the field at dif-
ferent centres in Britain (Cunningham, 19646).
The relationships were similar for grass grown in-
side and outside but, at equal %N with the same
form of N manuring, R values of grass grown in
the greenhouse were always greater.
DISCUSSION
The results of these experiments did not confirm
for Italian rye-grass the conclusions of Dijkshoorn
(19576) that perennial rye-grass had a maximum
value of 200 m-equiv./lOO g. dry matter for 2
cations. They showed that 2 cations could be 25%
greater than the maximum value suggested by
Dijkshoorn and it depended on form and level of
N, season and whether the grass was grown in the
greenhouse or in the field. The largest 2 cations
value found in this experiment was 259 m-equiv./
100 g. in grass grown in the greenhouse in winter at
rate 10 of the nutrient solution containing N03-N.
This result suggests that Dijkshoorn (19576)
underestimated the maximum 2 cations in rye-
grass at 200 m-equiv./lOO g.; probably his ratio of
NH4-N to NOyN used in the greenhouse in summer
gave the impression that at this value the rye-grass
was 'saturated' with cations. Our conclusion that
there is an apparent maximum value for 2 cations
in rye-grass only when much NH4-N is absorbed is
supported by the results of two other experiments.
Karim & Cunningham (1963) found that the
greatest value of 2 cations was 333 m-equiv./lOO g.
when a nutrient mixture containing all the cations •
and NO3-N was given in increments to the surface
of soil in which Italian rye-grass was growing in the
greenhouse during winter. Similarly, Cunningham
& Nielsen (1963) obtained an even greater 2 cat-
ions value of 375 m-equiv./lOO g. by supplying a
fertilizer mixture containing N03-N in one large
initial dressing to Italian rye-grass growing in
winter at a soil temperature of 28° C. These results
confirm that rye-grass does not have a maximum
value for 2 cations when N03-N is taken up by the
grass. However, other results from one of the
summer pot experiments and from field experi-
ments (Cunningham, 1964 a) show that, when
NH4-N is given, 2 cations tend to a maximum
value and antagonism among the cations is more
pronounced; as yet this has not been shown to
happen when much NO3-N is given.
Although in our work the greatest 2 anions value
of 388 m-equiv./lOO g. did not exceed Djkshoorn's
(1957 6) calculated maximum value of 400 m-equiv./
100 g. the curves in Fig. 1(6) suggested that larger
values would probably have been obtained had
more N03-N been given to the grass. This sugges-
tion was confirmed by later experiments (Karim &
Cunningham, 1963; Cunningham & Nielsen, 1963)
in which values for 2 anions of 415 and 493 m-
equiv./lOO g. were obtained when much NOS-N was
taken up by grass.
Fig. 2(6) confirmsfor grass in pots previous results
(Cunningham, 19646), by showing that R and %N
were negatively correlated and that this relation-
ship depended on the form of N given; at equal
%N, R was smaller with NH4-N than with NO3-N.
In addition, new information showed that, at equal
% N, R values were slightly greater in winter than
in summer but were always smaller with grass
grown in the open than under glass.
The reasons for the grass grown in winter having
greater 2 cations, 2 anions and R values than grass
grown in summer are not understood. Both soil
temperature and soil moisture were similar in
summer and in winter and probably did not in-
fluence cation-anion contents of the grass. How-
ever, the grass produced much less dry matter in
winter (Fig. l(a)) when light was less and day
length short; if ion uptake during the winter was
not proportionally lessened, this would cause ions
in the grass to 'concentrate' and give greater 2
cations and 2 anions values. Similarly, explana-
tions of the differences in cation-anion relation-
ships when grass is grown inside and outside are
difficult until more work is done to find how soil
temperature, light intensity and soil water tension
affect cation-anion relationships in crop nutrition.
SUMMARY
Italian rye-grass was grown in the greenhouse in
clay loam soil in winter 1962 with several rates of a
nutrient solution containing N03-N and P, K, Ca
and Mg to see whether the grass had maximum
values for sums of the cations and anions (2 cations,
2 anions). Two other experiments were done in
summer 1962 with a similar nutrient solution con-
taining either N03-N alone or NO3-N plus NH4-N.
At the same level of added nutrients summer
yields of grass were about twice those in winter
and there was little difference when nutrient mix-
tures with NO3-N+NH4-N or with N03-N alone
were used. The sum of the cations (m-equiv./lOO g.
dry matter) in the grass was positively correlated
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with %N in dry matter, was greater in winter than
in summer and waa also greater in grass grown in
the greenhouse than in the field. With increasing
NO3-N, 2 cations increased steadily but when
NHj-N was supplied it tended to a maximum value
which decreased as more NH^-N was given. The
sum of the anions in the grass increased with in-
creasing N and did not tend to a maximum. Sug-
gestions by others that rye-grass cannot have values
for 2 cations and 2 anions in excess of 200 and
400 m-equiv./lOO g. respectively are not substan-
tiated for cations; maximum value for cations in
this work was 259 m-equiv./lOO g., 25% more than
previously estimated.
The ratio (R) 2 cations: 2 anions, was inversely
proportional to %N in Italian rye-grass, confirm-
ing previous results. This relationship depended on
the form of N, the season and whether the grass was
grown in the greenhouse or in the field.
One of us (A.K.) thanks the Nuffleld Foundation
for the award of a Fellowship to work at Rotham-
sted.
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